ABSTRACT: The human jaw muscles are essential to mastication and play an important part in craniofacial growth. They contribute to dental and articular forces, deform the mandible, and, like other tissues, are subject to disorders, often manifested as pain. The literature describes how their contraction is controlled by the nervous system, and how their general structure and function contribute to craniofacial biology, but there has been little appraisal of their internal organization. Most of these muscles are not simple; they are multipennate, complexly layered, and divided by aponeuroses. This arrangement provides substantial means for differential contraction. In many ways, jaw muscle fibers are intrinsically dissimilar from those found in other skeletal muscles, because they are arranged in homogeneous clusters and generally reveal type I or type II histochemical profiles. Most are type I and are distributed preferentially in the anterior and deeper parts of the jaw closers. Additionally, most motor unit (MU) territories are smaller than those in the limbs. There is circumstantial evidence for intramuscular partitioning based in part on innervation by primary muscle nerve branches. During normal function, MU recruitment and the rate coding of MU firing in human jaw muscles follow the general principles established for the limbs, but even here they differ in important respects. Jaw muscle MUs do not have stable force recruitment thresholds and seem to rely more on rate coding than on sequential unit recruitment to grade the amplitude of muscle contraction. Unlike those in the limbs, their twitch tensions correlate weakly with MU fatiguability and contraction speed, probably because there are so few slow, fatigue-resistant MUs in the jaw muscles. Moreover, the type I fibers that are present in such large numbers do not contract as slowly as normally expected. To complicate matters, estimation of jaw MU twitch tensions is extremely difficult, because it is affected by the location used to measure the twitch, the background firing rate, muscle coactivation, and regional, intramuscular mechanics. Finally, there have been very few systematic studies of jaw MU reflex behavior. The most recent have concentrated on exteroceptive suppression and suggest that MU inhibition following intra-and perioral stimulation depends on the location of the MU, its background firing rate, the timing of the stimulus, and the task used to drive the unit. Task dependency is a common feature of human jaw MU behavior, reflecting interaction between peripheral sensory information from orofacial and muscle afferents and corticobulbar drive. In summary, several lines of evidence, including intramuscular structure, the disposition and physiological behavior of the intrinsic MUs, strongly suggest that human jaw muscles are uniquely organized internally. Both structural and functional attributes need to be incorporated into a hypothetical model of each muscle in order to explain how it produces local tensions and displacements during normal use and the circumstances under which any disordered biomechanical events might be induced in it.
I. INTRODUCTION
skeletal tissues and influence craniofacial growth.
In the clinical milieu, the consequences of their The masticatory muscles move the jaw, and action are pertinent to any surgical or orthodontic create reaction forces at the teeth and temporocorrections made to the craniofacial skeleton, prosmandibular articulations. They also deform the thetic changes to dental occlusion, and the treat-ment of musculoskeletal disorders. A thorough review of human jaw muscle morphology and function, and their roles in growth and development, has been furnished recently by Miller (1991) . The central and peripheral neural control of these muscles has also been reviewed elsewhere (Dubner etal. 1978; Lund and Enomoto, 1988; Huang etal. 1989; Lund, 1991) , and the reader is referred to these works for a complete perspective of human jaw muscle anatomy and physiology. The internal workings of the jaw muscles are not well defined. It is assumed that the tensions produced by the muscles can be thought of as a simple system of force vectors, when in fact diversely angled muscle tension vectors, of varying magnitudes, spread over wide areas of skeletal attachment. Muscle tensions, when considered at all, are most often estimated globally from the total cross-sectional areas of what are assumed to be homogeneously constructed muscles when they are actually complexly layered; and muscle contraction levels, which vary with each physiological act, are usually determined from wide-field recordings, even though activation probably varies regionally (Blanksma and van Eijden, 1990; Blanksma etal. 1992) .
Another result of this imperfect understanding of intramuscular events is that morphological details that might have a major impact on the interpretation of physiological and behavioral data are often ignored. Changes in the internal muscle architecture, and any altered physiological properties induced by them when different acts are performed, are simply neglected. The probable involvement of intramuscular tendons, musculotendinous junctions in jaw muscle disorders, and the effects of regional mechanical changes on muscle blood flow and biochemistry are compelling enough reasons to encourage a better understanding of intramuscular behavior.
In this review, we explore aspects of the intrinsic organization of the human jaw muscles that are fundamental to their operation. We focus on current notions of their structural arrangement and the way in which their internal components behave during normal function. We emphasize aspects of regional organization for which there is direct evidence from human studies and we borrow only sparingly from data reported for other species because each has indigenous structural, biomechanical, and functional requirements. It will become clear that far more is known about some jaw muscles than others, and that while many of the general principles of skeletal muscle organization are evident, the human jaw muscles possess some unique properties.
II. ARCHITECTURE

A. Skeletal Muscle Organization
Several reviews describe how the internal structures in "generic" skeletal muscles contribute to their function (Gans and Bock, 1965; Gans, 1982; Gans and de Vree, 1987; Zajac, 1989; Otten, 1988) . Muscle fibers usually attach directly to bone or to cylindrical, ovoid, or elongate tendons. However, complex skeletal muscles often contain quite large internal aponeuroses (sheets of compacted collagen fibers) to which muscle fibers attach, and it is common for these aponeuroses to differ in orientation and size within the same muscle. Thus, fibers may lie either parallel to the line of action of the muscle or at an angle to it, attached obliquely to aponeuroses. When groups of fibers are angled, that is, when they fan out on either side of a central tendon or aponeurosis, they look like a feather ("penna" L.); hence, the term "pennate" (pinnate). Fibers in parallelfibered muscles produce translational motion exclusively. Those in pennate muscles rotate about their origins, increasing the angle of pennation as they shorten (Gans, 1982) , and the attached tendon or tendon sheet then translates in the desired direction. If one of the attachments is to a tendon sheet and the other to an area of bone, both translation and rotation of bone and/or aponeurosis are possible due to an induced couple.
Patterns of pennation vary between muscles, which are thus classified as unipennate, bipennate, and multipennate. Examples of all three can be found in the jaw muscles. It is often assumed that fibers within a group run roughly parallel to each other toward their isertion site (i.e., they have equal pennation angles) and that they are equal in length, but in oblique muscles this is not so (Benninghoff and Rollhauser, 1952; Otten, 1988) . Here, provided aponeuroses move parallel to their original orientations, differently oriented fibers must necessarily shorten by different amounts. Otten (1988) has suggested there must be a compromise between the twin demands for an adequate amount of fiber attachment and uniform fiber shortening; clearly, these vary according to both site and function. His interpretation of the contraction characteristics of oblique, pennated muscles is summarized in Figure 1 , which is pertinent to human jaw muscles, because most of them have fiber arrangements that resemble his examples to a greater or lesser extent.
Pennation is advantageous in muscles required to produce power under spatial constraints and when some loss of muscle shortening can be tolerated. The human masseters and medial ptery-X interpretation shortening insufficient shortening compromise insufficient fiber insertion area FIGURE 1. Oblique muscles without uniform fiber lengths can be interpreted as linked sets of unipennate "submuscles" with the same shortening characteristics. In each case (ac) the distance between tendinous sheets (i.e., the width of the muscle) is constant. The fiber volume is also constant, but the muscle volume is not. As the planes of insertion are not parallel, different schemes of fiber arrangements are possible (d-f). Parallel arrangements (d) require different fiber lengths and different amounts of relative shortening. These differences can be reduced by altering fiber angles (e). An extreme and unworkable version is shown in f. Arrangements like that in g are common in human jaw muscles (e.g. the temporalis and masseter), even though the latter is a multipennate muscle. (From Otten, E., Exer. Sports Sci. Rev., 16, 95, 1988. With permission.) goids are good examples, because both are involved in force generation and both are located in regions where relatively small, three-dimensional movements occur during function. The increased cross-sectional area achieved by packing short fibers at acute angles to an internal septum offers a major increase in muscle tension. This resolves into a component acting along the septum and one perpendicular to it, and unless there is a counterbalancing force from equally active and similarly oriented fibers on the other side of the septum, the muscle will deform internally. The resulting range of movement is proportional to the length of the fibers multiplied by the cosines of their pennation angles (which are generally about 20° in the human masseter; van Eijden and Raadsheer, 1992) . Any loss of mechanical efficiency in such a system is offset by the increased numbers of fibers available. The relationship between skeletal muscle architecture, contraction dynamics, tendon properties, changes in shape, and changes in intramuscular pressure is a major topic in itself and beyond the scope of this review. The reader is invited to look elsewhere for further information (e.g., Otten, 1988; Zajac, 1989) .
While much has been gained from direct measurements of both muscle structure and function in experimental animals, individual muscles differ, extrapolations are risky, and interspecies comparisons are therefore not always relevant. It is critical to take into account the biomechanics specific to each system. Direct recordings of the surrounding physical events that accompany muscle contraction are difficult, and often impossible, during normal function in humans, and they have not been attempted seriously in the jaws. Recently, ultrasound has been used to measure the shape of the dynamically changing masseter muscle (Kiliaridis and Kalebo, 1991) and may prove to be a useful investigative tool for future, direct observations of changes in internal muscular architecture.
Limitations such as these have encouraged the development of some quite sophisticated muscle models. Modeling offers insight into the internal behavior of the system in question, and it forces the modeler to state explicitly what is known about it (Winters and Stark, 1987) . However, when investigators simulate muscle function to estimate interactions between muscle, tendon, and body segments, or when they wish to develop a device to mimic these interactions, they do not necessarily model the behavior of anatomical replicas. It often proves easier to treat muscle and tendon (both external and internal) as a single actuator that is manipulated mathematically to simulate their combined static and dynamic properties (Zajac, 1989) . By far, the greatest number of skeletal muscle models have included some sort of muscle-joint complex and have been of three basic kinds: those based on input-output data pertaining to specific tasks (expressed by simple second-order differential equations), those utilizing a classic Hill-type structural muscle model (a higher-order, nonlinear one), and those incorporating the biophysical behavior of the contractile mechanism itself (involving complex partial differential equations). Whichever of these approaches is used, there is always a compromise between the complexity of the system and the simplicity needed for its solution (Winters and Stark, 1987) .
When the goal of a muscle model is to simulate the relationship between architecture and functional properties, however, it must include sufficient anatomical and physiological detail to produce a plausible mechanical result. This is a formidable undertaking for complex muscles operating in three dimensions of space, and it has not been properly achieved. Part of the problem is that the nonhomogeneous contraction in different parts of a complex muscle can produce internal shearing forces and regional changes in intramuscular pressure. In addition, fibers that attach on one side to tendon sheets and on the other to flat, bony surfaces may shorten by different amounts and act over different angles (Otten, 1988) . Underaddressed aspects here include the changes induced in a muscle's architecture by functional displacement of its insertion sites. In practice, these can be very different from the simple, planar sliding of artificially maintained, equidistant attachments that are used in most theoretical muscle models. Thus, from a modeling perspective, there are as yet no firm principles that can be used to predict contemporaneous changes in length, tension, compliance, and pressure within human jaw muscles, even though these most certainly take place in normal function.
B. Jaw Muscles
Masseter
Typical for all human jaw muscles is that information regarding fetal development of the masseter is sparse. Unpublished observations in our own laboratory suggest that most major structural elements are in place by 18 weeks (Tonndorf, personal communication) . Qualitative data suggest that while the muscle's attachments migrate with growth, their number and relative disposition remain fairly constant from birth (Gaspard, 1987) . Studies in other mammals (pig, rabbit, capybara, and goat) indicate changes in fiber orientation and pennation (Weijs et al, 1987 Langenbach and Weijs, 1990) , the degree of increased pennation being reflected by the changing ratio between muscle fiber content and total muscle length.
Topographical descriptions of the adult human masseter are common (e.g., Williams et al., 1989; Miller, 1991) the most explicit being provided by Schumacher (1961) . It is sometimes described as having two heads of origin from the zygomatic arch (Du Brul, 1980 ) but more often considered to have three (Ebert, 1939; Schumacher, 1961; Last, 1966) . We will assume that the muscle comprises a superficial part, which arises via a thick, multileaved aponeurosis from the anterior two thirds of the lower border of the zygomatic arch as far anteriorly as the zygomatic process, and that inserts from the angle of the mandible anteriorly to the ascending ramus; an intermediate part that arises from the central, medial third of the zygomatic arch and lower border of its posterior third; and a deep part arising from the deep surface of the arch. Both the intermediate and deep parts insert, respectively, on the central and upper parts of the ascending ramus to the level of the coronoid process. The masseteric nerve separates the deep and intermediate parts, while the masseteric artery separates the intermediate and superficial layers. Ebert (1939) and Schumacher (1961) both describe internal aponeuroses aligned roughly parasagittally and attached individually to the zygomatic arch and mandible in order to form interleaving septa in the posterior part of the muscle, although the authors differ with respect to numbers (Figure 2) . These "Sehnenspiegel" usually fuse above at their attachment to the zygomatic arch, and they can be visualized in living subjects by magnetic resonance imaging (Lam et ah, 1991) . According to Schumacher's nomenclature, they include Sehnenspiegel I (the most lateral, anchored to zygomatic arch and extending inferiorly onto the lateral surface of the muscle); Sehnenspiegel II (the most inferior, attached to the ramus and extending superiorly into the muscle); Sehnenspiegel III (attached to the zygomatic arch more medially than I, and descending into the muscle); and Sehnenspiegel IV (more medial, on the inner, deep surface of the muscle). Each of these septa has a unique three-dimensional orientation determined by the relative positions and curvature of the zygomatic arch and ramus, both of which vary with craniofacial morphology (Lam et al., 1991) . Together, the septa FIGURE 2. Frontal drawings of longitudinal sections through human masseter muscles. Ebert's (1939) version (left) has a simpler pattern of pennation in the deep part of the muscle than Schumacher's (1961) version (right). Both have been redrawn. Aponeuroses are depicted in white (numbered, respectively) and muscle fibers in black. The pattern of pennation is reminiscent of a recurring version of that in Figure 1g . (From Stalberg, E. and Eriksson, P-O., Arch. OralBiol., 11, 797, 1987. With permission.) provide anchorage for most of the muscle fibers (see Figure 2 ). Dissections and osteological studies also reveal other, localized tendinous attachments on the lateral angle and ascending ramus of the mandible (Baron and Debussy, 1979; Gaspard, 1987) . Their complexity makes it hard to imagine the three-dimensional arrangement of muscle layers, intramuscular aponeuroses, tendinous insertions, fibers, and their angulations in the adult muscle. Solid-object models would be useful here, if only to provide clear, visual descriptions for communicating ideas and hypotheses regarding structure.
Viewed coronally and from behind, the masseter reveals its multipennate character, with oblique subsets of fibers. Most of these insert into the interleaved aponeuroses. Overall, the muscle's fibers differ in length, averaging around 26 mm, and ranging from 14 to 19 mm at their shortest, to 30 to 38 mm at their longest (Schumacher, 1961; van Eijden and Raadsheer, 1992) . Some fibers, particularly those radiating from the ends of the aponeurotic sheets, insert directly into ramal or zygomatic arch bone. Observed parasagittally, these same fiber collections would appear to be aligned roughly parallel and obliquely from zygomatic arch to the mandible, but they are also angled mediolaterally through the plane of view, and do not extend the full distance, as each attaches to an aponeurosis. This arrangement makes it very difficult to establish actual pennation angles from region to region. Although they are considered to be about 20° (van Eijden and Raadsheer, 1992) or less (Schumacher, 1961) , distinction should be made between angles of origin and insertion relative to the zygomatic arch and ramus and angles expressed relative to the various aponeuroses within the muscle. Similar pennation angles, measured three-dimensionally at each aponeurosis, would require fibers to twist as they run their course, because of the disparate planar orientations of the septa. This would not necessarily be the case if the pennation angles in fact differed three-dimensionally at each end of the same fiber. Although the extent to which these alternative possibilities occur is unclear, it is certain that the muscle does not consist of parallel fibers inserting at fixed pennation angles into parallel aponeuroses, as most "generic" muscle models assume.
Information about regional differences in fiber, tendon, and sarcomere lengths has been provided recently in a detailed study by van Eijden and Raadsheer (1992) . The longest fibers are found anteriorly, where they are about 35% longer than those found posteriorly when the teeth are in contact. The deeper fibers are about 5% shorter than the superficial. Tendon length does not alter much within the superficial layers, averaging about 30 mm. Tendons in the deep muscle layer, however, are about 35% shorter than those superficially. This is the same trend as that seen for muscle fibers, but it is more dramatic. The tendons are much shorter in the deep, posterior region than in the deep anterior or deep central regions. Average sarcomere lengths range from 2.27 to 2.55 J LL m, which the authors suggest may be a suboptimal length for maximum tension development when the teeth are occluded together in the intercuspal position. Again, sarcomeres in the deep layer are shorter (about 6% less) than those superficially. Although sarcomere lengths do not seem to differ significantly in the superficial layer of the muscle, those in the deep posterior part are about 8% shorter than those in the deep anterior part.
In the pig masseter (which is generally similar provided allowance is made for the differently shaped facial skeleton), the oblique tendinous strips in the anterior part of the muscle have a more horizontal, "shelf-like" orientation than the posterior, vertical septa (Herring, 1980) . It is possible, though unproven, that a similar organization exists in humans.
The architecture of the central and deep parts of the muscle remains the most ambiguous. In addition to the two or three septa descending from the zygomatic arch, and up to two ascending from the ramus, there is at least one tendon that terminates a fan-shaped collection of fibers in the deep, upper part. This region is reminiscent of a small temporalis muscle.
These differences in regional morphology clearly imply functional differentiation. It is logical to presume that there are practical advantages to be gained by an internal architecture as complex as this. For example, the posterior laminations attached at different heights on the ramus could permit muscle layers to slide over one another during jaw rotations that involve different trajectories of movement by various parts of the ascending ramus, and that must take place in three dimensions of space. As a corollary, fusion of the layers in the anterior part of the muscle might indicate that here it functions as a single unit, more like a "strap" muscle. The deep part of the masseter, especially that reminiscent of the temporalis, might be functionally separate simply because its fibers, which are noticeably more vertically oriented (viewed laterally) and more laterally oriented (viewed frontally) than are other fiber collections in the muscle, are better aligned for particular actions of the jaw.
Task-dependent, differential activation of superficial and deep masseter fibers has often been reported (Greenfield and Wyke, 1956; Belser and Hannam, 1986; Tonndorf et al, 1989) , but it now seems clear that functional partitioning of activity is possible in at least three regions of the muscle (deep anterior, deep posterior, and superficial) and perhaps in four (Blanksma et al., 1992) . Differential behavior has also been observed in the rabbit , and in the pig (Herring etal., 1979) , albeit from more discrete regions. Collectively, the data from these studies indicate that the more obliquely oriented, superficial fibers activate most during tasks involving jaw elevation, elevation with protrusion, or movement on or toward the side contralateral to the muscle, while the deep fibers contribute strongly to jaw elevation, and more vigorously on jaw retrusion, on the side ipsilateral to the muscle. Isometric contraction, with controlled directions of effort when bite forces are produced, follow a similar trend. In these instances, however, graded activity, rather than sharp, all-or-none contributions from different muscle regions, are the norm. In humans, heterogeneous behavior is nearly absent during anteriorly, anteromedially, and medially directed biting efforts but becomes more obvious during biting efforts in other directions (Blanksma et al., 1992) . Thus, masseter fibers are capable of some degree of selective activation when the occasion demands it.
From a biomechanical perspective, it is important to know which parts of the muscle are involved; for example, whether regional activation takes place in each of the multipennate, laminar partitions, or whether it involves regions undefined by the architecture described above, and independent of it. If the former is true, internal shear between laminae would distort the intramuscular architecture and quite likely torque the lateral surface of the central and lower ramus. Even if most of the laminar regions behave as a single unit, the fused anterior part of the muscle, and the differently oriented fibers of the central and deep parts, remain good candidates for functional separation.
During jaw closing and mastication, rotational and translational movements of the mandibular condyles differ on the working and balancing sides. The wide area of masseteric insertion (extending both superoinferiorly and posteroanteriorly) means that Sehnenspiegels II and IV, and the tendinous insertions described by Baron and Debussy (1979) and Gaspard (1987) , must be displaced three-dimensionally by different amounts. In the rabbit, for example, the approximate "center" of jaw rotation during function seems to be positioned to minimize stretch of the masseter and medial pterygoid muscles (Weijs etal, 1989) . Few studies of this sort have been undertaken in humans. Using a combination of direct measurement and movement projections from a computer model, van Eijden and Raadsheer (1992) found that jaw displacement has a different effect on sarcomere length according to muscle region. When the jaw is rotated about a transverse intercondylar axis, sarcomere excursions are relatively small in the posterior muscle regions, but large anteriorly. The reverse is true when the jaw is rotated contralaterally around a vertical condylar axis. These observations are important because Gans and de Vree's (1987) proposal of equivalence in sarcomere length changes (and the tensions produced as a result) depends on fibers that run parallel and sarcomere numbers that are proportional to moment arm lengths. Van Eijden and Raadsheer contend this is not possible in the human masseter, whether the movements include open and closing, lateral deviations, or both. They suggest that the variation in fiber lengths is simply insufficient to compensate for regional disparities in the numbers of sarcomeres. Consequently, the distribution of tension across the muscle cannot be uniform, and the magnitude and orientations of muscle force vectors will alter according to function (van Eijden and Raadsheer, 1992) . We shall see later that task-induced, regional alterations in intramuscular force can have a profound effect on how motor unit twitch-tension measurements are interpreted in humans.
Recently, we simulated jaw movements in a sample of dry skulls to reveal how much, and in which direction, masseter attachment sites move (Tonndorf and Hannam, 1992) . Insertion sites described by Baron and Debussy (1979) were recorded three-dimensionally relative to cranial reference planes for jaw positions that included midline opening, incisal biting, right-and leftsided mastication, and full dental intercuspation (which was used as a reference position). The temporomandibular articulation was stabilized with artificial disks, and spacers were used to emulate a food bolus. Figure 3 summarizes some of these findings diagrammatically. In the average masseter (viewed laterally), all insertions undergo significant anterior displacement with incisal function (I). Essentially, this is a translational act at all insertion sites, creating fiber rotations around their origins. While the long anterior fibers could accomplish this, the same cannot be said for those posteriorly, where multiple attachments are made to the lateral ramus by shorter fibers. A system of overlapping muscle layers with short fibers attached to interleaved septa would change a large and differing rotational effect at the attachment area to a series of smaller ones, because few of these fibers travel directly from the zygomatic arch to the ramus. Such a scheme could also allow the oblique sliding of the posterior muscle layers across one another. A similar principle probably applies for the rotations around fiber origins that are demanded during chewing. Here there is more demand for initial lengthening at all sites when chewing is performed on the balancing side (B), and in the upper, deeper part of the muscle, when chewing takes place on the working side (W). Fiber lengthening is perhaps the most easily accommodated change. Taskrelated differences become very apparent when the muscle is viewed frontally. Incisal clenching (I), working side (W), and balancing side (B) clewing all cause the attachment sites shown to move uniquely. In this view, fibers in the masseter are not well aligned to move the jaw from the working-side start-point to the final intercuspal position, even though they may be oriented appropriately enough when viewed laterally. Their lines of action would normally cause traction on Aponeuroses II and IV, which are aligned to pull upward and laterally, not upward and medially in the direction the bony attachment sites move. On thie other hand, the same fibers are well suited to participate in balancing side activity. Here, their shortening would pull on mutually aligned aponeuroses to induce movements and forces consistent with the direction of ramus movement.
Reports that activity in the superficial massejter commences earlier during balancing side ctfewing than for that on the working side (Moller, 1966; Miller, 1991) tend to corroborate this hypothesis. In this case, it would seem that the muscle's action would be efficient both for moving the ramus in the right direction (medially) and foir generating dental occlusal forces on the bolus on the working side. However, masseter activity is known to be highest when chewing is carried out on the ipsilateral side, particularly near the intercuspal position. From this we might conlude thftt during chewing the masseter also exerts strong laterally and upwardly directed forces on the ipsilateral ramus, while the latter moves roughly perpendicular to this direction, that is, the muscle acts as an efficient generator of dental force on the ipsilateral side, but in this case does not contribute to medial movement of the ramus (which is presumably effected by other muscles). This notion does not preclude the selective activation of fibers on each side of intramuscular aponeuroses, modifying the direction of pull as needed and introducing strong intramuscular force couples. The basis for this kind of functional compartmentalization is addressed in detail later. The further the mandible is from the intercuspal position, the more sharply defined are regional differences in the three-dimensional "starting" locations of mtiscle insertion sites, and the more likely the need for differential muscle activity. This example reinforces how important it is to relate structure anid function to real-life situations, and, when dding so, to view them three-dimensionally.
Temporalis
As for the masseter, complete three-dimensional descriptions of the human temporalis muscle are uncommon, but it is somewhat simpler in organization, and, therefore, easier to visualize. Anatomical studies (Schumacher, 1961) and conventional texts (e.g., Du Brul, 1980; Williams etal, 1989; Miller, 1991) describe its broad origin medially at the temporal fossa (from the inferior temporal line to the infratemporal crest) and laterally at the temporal fascia. The majority of fibers originate from the mosaic of bones making up the temporal fossa. The muscle's fan-shaped collection of long fibers converge into a conspicuous, flat tendon that inserts onto the anterior, medial, and posterior aspects of the coronoid process (including its tip), as well as the anterior border of the ascending ramus. Often a second set of fibers in the deep fascia fasten onto the mandibular crest, almost as far inferiorly the third molar. Superiorly, the tendon extends upward into the muscle as an internal central aponeurosis, thus separating the muscle into a superficial and deep part. This is particularly noticeable in the anterior region, where the muscle has its greatest crosssectional size and where it is unmistakeably bipennate when viewed frontally. From this perspective, the fibers diverge at low pennation angles to the central aponeurosis. Medially, they fan at different lengths and pennation angles. Divergent angles are obvious when the lowest and uppermost fibers are compared in this view. Seen laterally, the same fibers appear to descend vertically in the anterior part of the muscle, radiating to become almost horizontal posteriorly. Here there is no obvious bipennate arrangement mediolaterally, partly because the muscle is so thin. A few fibers from the posterior part occasionally insert into the articular disk (Meyenberg etal., 1986) . There is a considerable amount of fatty tissue that surrounds the anterior border of the muscle and separates it from the zygomatic bone (Williams etal., 1989) . This is clearly visible on magnetic resonance images in living subjects (Lam etal., 1989) .
Anatomically, the structure of the temporalis is complex enough to suggest behavioral flexibility. While it does not enjoy the dense pennation of the masseter, its fibers provide multiple options for tendon pull directed anteriorly, vertically, or posteriorly, with an additional, limited range mediolaterally, assuming that differential muscle activation occurs. The large cross-sectional area of the anterior part, and the fact that its fibers arise mostly from a medial origin, offer the potential for upward and slightly medially directed tension on the central tendon if the superficial and posterior fibers of the muscle remain relatively inactive.
It has long been known that graded, tasksensitive activation occurs in the anterior, middle, and posterior fibers (Moller, 1966; Miller, 1991; Blanksma and van Eijden, 1990) . Alterations of muscle activity as a result of changing bite force direction are less apparent in the anterior part of the muscle (Blanksma and van Eijden, 1990) . There is at least one report that indicates selective activation may also occur mediolaterally, that is, superficial and deep fibers either side of the central aponeurosis can be activated differentially (Wood, 1986) . This infers that similar, asymmetric contractions might occur within other jaw muscles with central tendons (e.g., the multipennate masseter). The large anterior cross-sectional area, and much smaller posterior one in the temporalis, alone imply differential muscle use, or at least different roles for the two parts of the muscle, quite apart from any directional characteristics. Blanksma and van Eijden (1990) contend that the assumption of a fixed line of action for this muscle is invalid, and that tensions are not distributed evenly over the muscle's entire crosssection. Nevertheless, the maximum tensions developed in a vertical direction must be considerably greater than those directed posteriorly.
The long fibers in the temporalis (averaging 34 mm, and ranging from 17 to 54 mm [Schumacher, 1961] ), the mobile coronoid process, and the loose fatty tissue around its anterior part all point toward a muscle easily capable of intrinsic length changes during function. Threedimensional displacement of the coronoid process during normal function has not been measured in humans, so it is difficult to estimate structural changes induced in the temporalis during jaw opening and tooth use. However, it is intriguing to speculate on the complex motions that must occur at the muscle's insertions; these sites differ so much in location and must undergo very disparate rotations and translations in three dimensions, depending on the task. The deep anterior fibers must function differently than the superficial, posterior fibers for some acts, and it is likely (but unproven) that some sliding between muscle layers occurs near the tip and medial aspect of the coronoid process.
Medial Pterygoid
This muscle is best described as a small, bulky rectangle, running in a diagonal direction from its origin in the pterygoid fossa (on the deep side of the lateral pterygoid plate) to its insertion on the inside of the mandibular angle. A small, inferior head arises from the maxillary tuberosity and the tubercle of the palatine bone and passes over the lower part of the lateral pterygoid before joining the main fiber group. Thus, the two heads envelope the lateral pterygoid. The medial pterygoid muscle is very heavily pennated, and the only explicit description of its internal architecture is provided by Schumacher (1961) . He reported at least six aponeuroses, and, more rarely, as many as eight. These have a variable relationship to one another, and although more complex, follow the same general trend described for the masseter, that is, they form interleaved septa from above and below and create a multipennate arrangement of quite short fibers (averaging 16 mm, with the longest about 24 mm). Like their masseter counterparts, the septa are not always parallel; some can extend about two thirds of the way into the muscle.
In the frontal view, the angulation of the medial pterygoid, the orientation of its attachment sites, and the closeness of the interleaving septa offer very little geometry with which to vary the angle of pull. However, viewed laterally, the relatively vertical origin, and more anteroposteriorly disposed, wide mandibular insertion, provide fiber angulations divergent enough to suggest different actions. The medial pterygoid's structural architecture provides for the generation of maximum tension within a very confined anatomical region, one in which space is at a premium, and its arrangement permits tension to be aligned three-dimensionally along at least two principal axes, one located anteriorly, and ori-ented upward, medially, and forward, and the other located posteriorly, and oriented upward, medially, but further forward.
It is not known whether differential contraction occurs, and, if so, where, partly because recordings are difficult in this muscle, and partly because multiple sites would have to be sampled simultaneously. The most common recording site has been near the angle of the mandible via an extraoral approach (e.g., Moller, 1966 and Gibbs et al., 1984) , but some investigators have sampled the anterior part via an intraoral route (Hannam and Wood, 1981 ; MacDonald and Hannam, 1984) . These studies have been reviewed recently by Miller (1991) , and it is hard to make direct comparisons between them. The tasks used in the various studies do not match, and individual subjects activate the muscles differently when performing the same task (Hannam and Wood, 1981) . The medial pterygoid's role in postural control of the jaw, and in the directional control of bite force, argue strongly for a degree of biomechanical versatility at least as sophisticated as that seen in the masseter, but this feature remains to be demonstrated.
Lateral Pterygoid
Conventionally, the lateral pterygoid is considered to be one muscle that has two origins. The lower head arises from the lateral surface of the lateral pterygoid plate, sometimes including the pyramidal process of the sphenoid. The upper head arises from infratemporal crest and roof of the infratemporal fossa. Therefore, the muscle has a wide area of attachment that sweeps through an arc from near vertical to near horizontal. The lower part has about twice the cross-sectional size of the upper, which is a thin, flat band of fibers when viewed laterally. It is important to note that there are often close, interlacing connections between the deep fibers of the temporalis and the superior head of the lateral pterygoid (especially in the anterior part of the infratemporal fossa, medial to the infratemporal crest), and that it can be very difficult to distinguish between the two groups of fibers (Schumacher, 1961; Widmalm etal, 1987) . This poses a problem for experimenters seeking to record differentially from muscle fibers in the region. The curved, fan-like muscle heads converge toward the fovea of the mandibular condyle. Here, as at the origins, there are several intramuscular tendons. It can be very difficult to separate the two sets of fibers in this region, as they variously insert into tendon, the fovea, the anteromedial capsular ligament, and the articular disc. The problem is further complicated by variations between individuals, and the vigor of the dissector. Considerable interest has been shown in the anatomy of this region, and the reader is referred elsewhere for more specific details (Wilkinson, 1988; Wilkinson and Chan, 1989; Meyenberg etal, 1986; Carpentier etal, 1988; Widmalm etal y 1987) . There is general agreement that both parts of the muscle, when tensed, exert traction on the subcondylar region at the fovea, and that in the case of the upper part of the muscle, additional traction may also be applied, via its attachments, to the articular capsule and disc.
The internal architecture of the human lateral pterygoid muscle is much simpler than those discussed so far. The muscle is comprised of relatively long fibers (around 22 mm [Schumacher, 1961] ), which are not organized in a multipennate manner. Like the posterior fibers of the temporalis, they are arranged in the same line of action as the bulk of the muscle and are most suited for shortening over longer distances than seen the masseter and medial pterygoid, that is, they offer a better propensity for near-isotonic than for nearisometric conditions requiring power. The diverging alignment dictated by the origins of the two parts (Miller, 1991) suggests that directional pull is possible over a wide angulation; the fiber lines of action diverge mediolaterally and superoinferiorly from the mandibular condyle.
Non-human primate studies, which offer the best way to verify the placement of recording electrodes in the two parts of the muscle, generally indicate that the upper and lower heads function separately during jaw opening and closing, that is, the upper head is active during jaw closing and tooth compression (but not the lower head), and the lower head is active during opening (but not the upper) (Miller, 1991) . Nevertheless, at least one study in the monkey suggests that the relative amount of activity in the two heads depends on mandibular position; the parts may func-tion reciprocally during jaw opening and closing but more synergistically for other acts. For example, the upper head is active when opening is accompanied by contralateral deviation (Sessle and Gurza, 1982) . These observations must be reconciled with apparently conflicting reports that the superior head is active with ipsilateral deviations of the jaw (Miller, 1991) , not contralateral.
The behavioral inconsistencies apparent in non-human primate experiments complicate the interpretation of human studies (e.g., Gibbs et a/., 1984) . Although, at first view, the latter apparently confirm those in the monkey (Miller, 1991) , the human studies are themselves flawed . It should be emphasized that the human lateral pterygoid is not anatomically identical to the monkey's. Second, jaw biomechanics differ between the two species because of craniofacial anatomy. Third, it has been pointed out earlier that in humans, fibers from the deep temporalis actually mix with those at the lateral aspect of the upper head, near the infratemporal crest. Fourth, almost all recordings in humans have been made with bipolar indwelling wire or needle electrodes that sample mixed, multiunit responses from nonspecific sites. Fifth, the similarities between activity reported in the upper head of the lateral pterygoid and the behavior of the temporalis muscle are consistent and strikingly so, and it is most unusual in physiology for two muscles with such very different insertions to act so identically. Last, when activity has been monitored in the temporalis muscle, it has not been recorded from the deep fibers, which are those most likely to approximate fibers in the lateral pterygoid. Thus, two possibilities exist. Either activity reported as belonging to the upper head alone in fact has often included the responses in fibers from both the upper head and deep temporalis (reflecting different degrees of activity according to task), or the upper head is indeed a true synergist of the temporalis muscle for all tasks. Clearly, single motor unit studies in the region would be useful.
We can conclude that the lateral pterygoid is partitioned anatomically in a very simple fashion and seems to be designed to function differentially more by virtue of its separate origins than by any complex internal arrangement of septa. Surprisingly (and perhaps erroneously, depending on one's technical perspective), its two components are believed to function mostly independently, a remarkable example of architectural and biomechanical versatility if true, especially as they share the same insertion site. An alternative view would be that the system of fibers acts as one muscle, with varying amounts of evenly graded activity throughout its entire range, with the distribution "shaded" according to the biomechanical demands of the task . Although there is no direct evidence for this explanation, it is consistent with what is known about behavior in the lower part of the muscle. Fibers here can be very active during toothclenching in eccentric jaw positions, even though they are normally considered to be active only during the forward, downward, and inward movement of the ipsilateral mandibular condyle (Wood etal., 1986) , and the same fibers can be equally active in passive jaw retrusion .
Digastric
Formed by the fusion of the first and second branchial arches, this muscle consists of two fleshy bellies separated by an intermediate tendon. Its longer, posterior belly arises from the digastric notch on the medial surface of the mastoid process. Its anterior belly is attached to the digastric fossa of the mandible. The central tendon is attached to the body of the hyoid and greater cornu by a fibrous loop, sometimes lined with a synovial sheath (Williams etal., 1989) .
Most anatomical authorities assume that both bellies contract simultaneously for most tasks, the argument being that this is necessary to achieve mandibular opening (provided the infrahyoids are active) or hyoid elevation. In practice, this is quite difficult to confirm because electrodes must be inserted with precision into both bellies, and it has not been attempted often. Electromyographic data nevertheless confirm that there is synchronized activity in the two bellies during all mandibular movements, chewing, and swallowing (Munro, 1972; Munro, 1974; Yemm, 1977) . Munro (1974) and Widmalm etal. (1987) both reported that occasionally activity can be nonsynchronous, but it is hard to postulate how this translates into any functional advantage other than selective control over the hyoid bone. The separate innervation of the anterior and posterior bellies by trigeminal and facial motoneurones offers a substrate for differential activation, even though the evidence indicates this occurs rarely.
C. Conclusions
The jaw elevator muscles, which position the mandible and direct most of the dynamically changing forces used for chewing and tooth grinding, contain multiple internal connective tissue septa. The disposition of these septa, and their relationship to muscle fibers, offer a substantial anatomical substrate for the differential contraction and movement of muscle layers. There is only partial evidence to indicate that this actually happens in humans, and research has yet to link muscle structure and activation with jaw biomechanics. Some muscles, such as the temporalis and lateral pterygoid, comprise fan-shaped collections of fibers and probably work by grading activity throughout the fibers as different lines of muscle action are needed. However, there are other factors that have to be considered before regional behavior based on architecture alone can be accepted as a working hypothesis; we shall see that there are different ways in which a jaw muscle can be organized to achieve regional specificity.
III. FIBER TYPES
A. Histochemistry
Jaw muscle fibers are usually analyzed biochemically to disclose their inherent structural proteins and metabolic enzymes, although recently immunocytochemical techniques have been used to reveal structural proteins and specific varieties of myosin by immunofluorescence (Mascarello and Rowlerson, 1992; Miller, 1991; Rowlerson et a/., 1988) . The various nomenclatures used to characterize fiber types have been reviewed by Close, (1973) and Burke, (1981) . Their diversity creates problems when data from different histochemical studies of the jaw muscles are compared, because at least three different classifications have been used: type I, IIA, and IIB fibers (Brooke and Kaiser, 1970) ; FG, SO, and FOG fibers (Barnard etal, 1971) ; and A, B, and C fibers (Henneman and Olson, 1965) . To make matters more complicated, the histochemical properties of jaw muscle fibers clearly differ between species (Luschei and Goldberg, 1981; Taylor et al., 1973 ; and see recent reviews by Miller, 1991; Mm etal, 1992) .
Human jaw muscles contain large, homogeneous groups of fibers with similar histochemical characteristics (Stalberg etal, 1986) . The diameters of the type I fibers are greater than those of type II fibers, but both are small (Eriksson and Thornell, 1983) . This contrasts strongly with the limb and trunk muscles, where there are mosaiclike, mixed fiber distributions, and where fiber diameter seems to be correlated to histochemical type. In many mammalian muscles, type IIB fiber diameters are greater than type IIA diameters, which are, in turn, greater than type I diameters (Burke, 1981) .
There are other differences between jaw and limb muscles. Large numbers of ATPase intermediate (IM) fibers, and type IIC fibers are found in the jaws, but they are scarce in the limbs . Additionally, the expression of myosin isozymes in the jaw muscles is very different from that in the limbs (Butler-Browne et al, 1988) .
Type I fibers are ubiquitous in almost all parts of the young, adult human masseter, where they make up 62 to 72% of the muscle's total fiber content (Eriksson and Thornell, 1983; Vignon etal, 1980) . More than 70% of the fibers in its anterior deep part are type I, but there are about equal proportions of type I and II fibers (mostly type IIB) in the posterior superficial part. ATPase IM and type IIC fibers represent only about 9% of the total fiber population. As mentioned above, most type I fibers are larger than the type IIB fibers, except in the central part of the muscle (Eriksson and Thornell, 1983) . The significance of this is unclear, but with the distribution of fiber types, it implies some kind of functional differentiation. For example, Mao etal. (1992) hypothesize that the preponderance of type I fibers in the anterior part of the masseter permits this part of the muscle, which is close to the molar teeth, to have more precise control over dental forces and the maintenance of jaw posture than could be achieved by the posterior part. The latter, because it contains relatively fewer type I fibers, is supposed to contribute to more forceful, faster, but coarser funtional acts. The cross-sectional area occupied by type I fibers ranges from 70% in the posterior superficial part of the muscle to 88% in the anterior deep portion. In contrast, type II fibers occupy only 7 to 21 % of the cross-sectional area in these regions. The masseter's type I fibers apparently contain slow myosin, and its type II fibers contain mainly fast myosin, similar to the limb muscles (Thornell etai, 1984) . However, the adult masseter also contains a neonatal myosin heavy-chain (MHC) isozyme that has not been described in the normal limb (Butler-Browne et ai, 1988) , as well as alpha-cardiac myosin (Carlson and Sciote, 1991) . This neonatal MHC is expressed in ATPase IM and IIC fibers. An embryonic myosin light chain has also been found in the masseter, although its location is uncertain at present.
Type I fibers are very common in the deep part of the human temporalis muscle, where they represent 81% of the population. Type I and IIB fibers are in roughly equal proportions throughout the anterior superficial part, and together make up 92% of the total fiber content. In contrast, there are more type IIB than type I fibers (57 vs. 40%) in the posterior, superficial part of the temporalis (Eriksson and Thornell, 1983) . Again, this implies some kind of functional relationship. APTase intermediate and type IIC fibers constitute a small proportion, similar to that in the masseter muscle. Type I fibers in the deep part occupy 90% of the cross-sectional area, compared with 52% in the posterior, superficial portion. In the anterior superficial part of the muscle, type I and type II fiber cross-sectional areas are similar.
Type I fibers form 64% of the total in the anterior part of the human medial pterygoid muscle (Eriksson and Thornell, 1983) . Similar proportions of type I and type IIB fibers (44% each) are present in its posterior part. The ATPase intermediate and type IIC fiber content is similar to that in the masseter and temporalis muscles. The type I fibers have a larger diameter than type IIB fibers in the anterior part of the muscle. Type I fibers represent 79% of the total cross-sectional area here and as much as 52% in the posterior part.
Type II fibers account for 16 and 20% of the area in these respective regions.
Up to 70% of the fibers in the human lateral pterygoid muscle are type I. In some cases here, whole fascicles are homogeneous with respect to fiber type (Eriksson et ai, 1981) . However, there seems to be an unequal distribution between the two heads of the muscle; type I fibers are the majority in the inferior head, while type IIB fibers dominate the superior head. Thus, there seems to be an association between fiber disposition and the postulated separation of function between the two. No type IIA fibers were detected in the specimens examined by Eriksson etal. (1981) .
Because the anterior and posterior bellies of the human digastric muscle differ embryologically from the elevator muscles, their fiber composition is more akin to that found in the limbs . Type I, IIA, and IIB fibers are present in similar proportions and are distributed evenly throughout the muscle. ATPase intermediate fibers are scarce. Fiber diameters are similar for each type, although diameters in the anterior belly are slightly larger than those found posteriorly.
B. Physiology
Motor units (MUs) in skeletal muscle comprise homologous fiber collections served by the same motoneuron. Functionally, there are three classes of MUs: "S", slow and fatigue resistant; "FF\ fast and readily fatigued; and "FR", fast and fatigue resistant . There is a range of fatiguability within each group. A fourth group, lying between the FF and FR groups, has been postulated. This has fast contractile characteristics (F) and intermediate fatiguability (int), [designated "F (int)"] (Goldnick and Hodgson, 1986) .
In many muscles, the functional and histochemical properties of type I, IIA, and IIB fibers seem to be associated (Burke, 1981) . In fast-twitch cat jaw muscles (which have superfast myosin) and in the pig masseter, there are strong correlations between contractile and histochemical properties (Miller, 1991; Taylor etal, 1973; Herring et al., 1979) . Given the preponderance of type I fibers in the human jaw muscles, a large number of functional type S MUs would be expected. Paradoxically, the human masseter appears to behave as a fast muscle (Nordstrom and Miles, 1990; Yemm, 1977) . Nordstrom and Miles (1990) recently concluded that the physiological properties of human masseter MUs are in fact poorly correlated with histochemical type. These observations reinforce the need to treat each species, and each muscle, as a separate entity.
Currently, interest is being shown in the relationship between myosin isoforms and the functional behavior of jaw muscle MUs. Possibly, MU functional behavior is related more to the MHC content of the fibers than to past histochemical classifications. It is significant that the masseter has a heterogeneous MHC content. Why neonatal MHC should be present in ATPase and IIC fibers of the normal masseter muscle is uncertain.
C. Conclusions
Type I fibers clearly predominate in most human jaw muscles, especially in the anterior and deeper regions, and there is a general trend toward more equal proportions of type I and II fibers posteriorly and superficially (Miller, 1991) . Fiber-type "grouping" is apparently normal in these muscles and would be considered pathological if it occurred in the limb or trunk, where it would indicate denervation and reinnervation . Because MUs comprise fibers of one histochemical type, it is possible that jaw MUs are confined to regions that are defined histochemically, rather than distributed randomly throughout the muscle. Fiber distributions in the pig masseter and the non-human primate temporalis muscles are consistent with this view, because both muscles have regions with different histochemical compositions (Herring et al., 1979; Clark and Luschei, 1981) . As yet, the histochemically distinct regions in all human elevator muscles have not been matched with any intramuscular architecture defined by muscle layers and intramuscular aponeuroses. On the other hand, the lateral pterygoid muscle is divided into histochemically distinct compartments that coincide with separate anatomical parts of the muscle, both of which are parallel-fibered. Fiber histochemistry in the human digastric is atypical of that in other jaw muscles, and its relationship to muscle architecture is unknown.
Fiber groups with consonant histochemical types can be composed of different MUs with varying, and overlapping, fields (Stalberg et al, 1986) . Thus, the predominance of type I fibers in specific regions of the human jaw muscles does not necessarily infer functional "compartmentalization", although it is not excluded. Limited evidence suggests that specific myosin isoforms may be located preferentially in functional "neuromuscular" compartments within the jaw muscles, and the evidence for such compartments is discussed below.
IV. MOTOR UNIT ORGANIZATION
A. Territory
Skeletal muscle contracts smoothly during weak, voluntary efforts. This evenness is partly due to the wide distribution of extensively overlapped MUs (Buchthal and Schmalbruch, 1970) . In limb muscles, MUs can be scattered throughout quite large areas (e.g., Edstrom and Kugelberg, 1968; Stalberg et al. 9 1976) , but the somewhat sparse data describing MU territories in the human masseter suggest that the distribution of MUs here is focal, more akin to territories in the jaw muscles of other species than to those in human limbs (Buchthal and Schmalbruch, 1970; McMillan and Hannam, 1991; Stalberg and Eriksson, 1987) .
In studies on experimental animals, the distribution of MUs is routinely found by staining muscle tissue histochemically when its glycogen has been depleted by electrical stimulation of its motor nerve filaments (Burke, 1981) . Because it is observed histologically, MU territory is usually analyzed in two dimensions, when in reality it should be mapped as a three-dimensional volume. The total number of fibers in a MU cannot be included in a single cross-section, particularly if fibers are angled relative to the plane of section , and multiple sections along the length of the muscle are thus required to reconstruct MU territory properly. Another limitation is the glycogen technique itself; depletion does not occur uniformly in MUs of different types, and it is often incomplete in those units that rely mainly on oxidative metabolism (Burke, 1981) . In the pig, masseter MU territories revealed by this method are small, occupying about 5% of the total muscle volume , and they are mainly contained within individual fascicle boundaries. By contrast, MU territory in the cat medial gastrocnemius may reach 14% (and in the rat soleus 20% of total muscle volume [Burke, 1981] ). Moreover, limb muscle MU territories are not generally restricted to fascicle boundaries .
Because glycogen depletion methods are impossible in human subjects, electrophysiological experiments must be employed. Here recording needles are used to scan muscles cross-sectionally and disclose where the fibers of a MU are distributed (Buchthal and Schmalbruch, 1970; Stalberg and Eriksson, 1987; Stalberg et al, 1976) . Using penetrations through the lower part of the masseter, Stalberg and Eriksson (1987) estimated MU territories to be 3.7 mm long, although a few units reached 9.1 to 12.5 mm and extended over the whole cross-section of the muscle. On the basis of these scan lengths, it has been suggested that the masseter usually has spherical MU territories less than 5 mm diameter, and that they are not homogeneous (Stalberg et al., 1986) . In human limbs, however, mean scan lengths are longer, even though MU areas generally extend over only part of the muscle (Buchthal and Schmalbruch, 1970; Stalberg and Antoni, 1980; Stalberg et al, 1976) . Here, too, the MU fibers mix with those of other MUs (Buchthal and Schmalbruch, 1970) and their territories are oval or spheroidal (Buchthal and Schmalbruch, 1970; Stalberg and Eriksson, 1987) .
The scanning technique has limitations when it is used in the masseter muscle. It was originally employed to study MU territory in parallel-fibered muscles (Buchthal et al., 1957) , but in a complex muscle like the masseter, all the fibers belonging to a MU may not be included in the scan. Essentially, scans are random probes that give little indication of the positions of fibers relative to intramuscular structure, and they do not include MU territory extending along the long axis of the muscle.
Recently, we developed a different approach, which included stereotactic mapping of the recording sites in the human masseter. The method involved magnetic resonance imaging, a threedimensional optical measuring system, and computer reconstruction, all linked by a common fiducial marker (McMillan and Hannam, 1989; McMillan and Hannam, 1991 ; see Figure 4 ). The three-dimensional, linear distance between any two recording sites (each of which simultaneously sampled the same MU) averaged 8.8 ± 3.4 mm and ranged from 5 to 20 mm. The territories were elliptical and seemingly arranged in layers throughout the muscle. They also had a preferred axis of orientation in the anteroposterior direction, consistent with the anatomical regions described by Schumacher (1982) . However, it should be emphasized that in our study the position of the recording sites relative to the internal architecture of the muscle was unknown. An experimental approach with this in mind might address the question of the anatomical partitioning of MUs.
Although the territories we described differed in size and shape from those reported by Stalberg and Eriksson (1987) and although most were restricted to specific regions, a small number traversed the entire muscle cross-section. This confirms Stalberg and Eriksson's (1987) observations and implies that some groups of fibers cross septal boundaries. Here at least, the smallest volume of muscle activation presumably involves at least two (or even three) layers, and cannot be restricted to fiber collections between two adjacent aponeuroses. If most groups of fibers are arranged in fairly discrete functional territories, possibly related to muscle architecture, and others occupy larger zones, the nervous system would need to balance patterns of MU recruitment with the activation thresholds, territorial sizes, and locations of the MUs available. Thus, both the size and location of MU territories are fundamental to hypotheses regarding the control of jaw muscle function.
B. Compartments
Primary muscle nerve branches occur when a nerve enters a muscle at its hilus (English and Weeks, 1984) . Glycogen depletion has revealed that primary branches supply discrete subvolumes of muscle, termed neuromuscular "compartments" or "partitions" (English, 1985; Windhorst etal., 1989) . It has been postulated that compartmentalization provides a peripheral anatomical substrate for motor control (English and Weeks, 1984; English and Letbetter, 1982) , and it may explain the regional aggregations of fibers of the same histochemical type.
Within neuromuscular compartments of the pig masseter, fiber types are relatively homogeneous, but there are marked differences between compartments (Herring et al., 1979) . Experiments involving stimulation of individual axons of the pig masseter have confirmed that MUs are confined to single neuromuscular compartments and that they are confined to small volumes within the compartments themselves (Herring etal., 1989) . This contrasts with the limb muscles, where MU fibers are usually distributed throughout a larger volume in each compartment (English and Weeks, 1984) . The smaller territories in the pig masseter may be due to the length of its fibers, which are shorter than those in most limb muscles (Herring etal., 1989) .
Intramuscular nerve branches in mammalian jaw muscles are arranged in specific patterns that seem to be adapted to the specialized structure of each muscle; each has a consistent ramification pattern that is present at birth (Schumacher, 1989) . Three primary nerve branches, organized around the internal connective tissue septa of the muscle, have been described in the pig masseter (Herring et al., 1979; . Prolonged stimulation of the two smaller anterior branches causes glycogen depletion in anterior parts of the muscle. When the larger posterior branch is stimulated, depletion occurs throughout almost the whole muscle, and it does so in a fascicle-specific way . Recently, it has been shown that the rat anterior digastric is also divided into three neuromuscular compartments (English and Timmis, 1991) , even though this is not a multipennate muscle. Thus, it seems that compartments seldom possess distinct anatomical boundaries defined by the inherent muscle architecture (Balice-Gordon and Thomson, 1988) .
There are at least three primary nerve branches in the human masseter (Lau, 1972; Li Xiguang etal., 1986; Rakhawy etal., 1976; Schumacher, 1989) . They supply its anterior, inferolateral, and deep regions, which by inference might therefore be considered neuromuscular compartments. Although there is no direct evidence for the latter, the muscle is capable of differential activity in its superficial and deep portions, and there are histochemical differences between its anterior deep and posterior superficial fibers (see above). Consideration of where nerve axons ultimately branch is also important. There may be up to five ramifications of the nerve supplying the human temporalis muscle (Schumacher, 1989) . These branches are arranged anteroposteriorly, and they reach the superficial fibers by penetrating the muscle's central aponeurosis. Thus, if the muscle is compartmentalized it would most likely occur anteroposteriorly, although a mediolateral pattern is not out of the question. As stated earlier, there is quite good evidence for differential activation between the anterior, middle, and posterior temporalis fibers, and some for mediolateral separation, as well as some histochemical distinctions. The medial pterygoid muscle possesses two or three primary nerve branches (Schumacher, 1989) , inferring that compartmentalization is possible here; differential recordings have not been made, although there are at least two distinct histochemical regions. Each of the two heads of the lateral pterygoid is separately innervated (Schumacher, 1989) , and it is possible that a neuromuscular compartment exists in each part. There is considerable evidence for functional separation of activity in the upper and lower heads and for a histochemical distinction here as well.
Neuromuscular partitioning in the jaw muscles should be considered with due regard for two other physiological concepts of muscle subdivision during function. These are sensory partitioning, which refers to the preferential response of muscle sensory afferent fibers to localized mechanical perturbations within the muscle, and central partitioning, which refers to the regionalizaion of segmental connections within each respective motor nucleus. All three concepts have been the subject of an extensive review by Windhorst et al. (1989) . Clearly, there are several means for regional organization available to the nervous system when a complex muscle contracts, and there are no reasons to believe the jaw muscles differ from other multipennate muscles in this respect. There is strong evidence, for example, that muscle spindle distribution in the mammalian masseter, including that of humans, is not uniform (Kubota and Masegi, 1977; Rowlerson etal., 1988) . Spindles are located preferentially in the deep part of the muscle, mainly in regions with a type 1 fiber content, and they are rare superficially (Eriksson and Thornell, 1987; Rowlerson et al, 1988) . As yet, however, there is no direct evidence to support the idea of central partitioning in the jaw muscles.
C. Conclusions
The localization of MUs in neuromuscular compartments offers the potential for more specific motor control than contraction of the whole muscle. It would permit the activation of muscle regions relatively independently of one another as needed, with the regional interactions contingent on the particular task and movement strategy involved (English, 1985) . In the pig masseter, small MU territories overlaid on a complex muscle architecture offer numerous lines of action. described seven to eight "functional compartments" with different electromyographic patterns. However, such compartments do not lie within strict anatomical boundaries, nor do they have any particular fiber orientation. It is possible that there is some overlap of MU populations in putative neuromuscular compartments, but if there are many semi-autonomous regions within a muscle, motor control must be highly sophisticated to ensure smooth contraction. Human masseter MU territories also appear to be restricted, and the muscle is capable of regional contraction (Belser and Hannam, 1986; Eriksson et al., 1984; Tonndorf et al., 1989; McMillan and Hannam, 1992) . However, the wide distribution of some MU territories suggests that in humans at least muscle compartments may not be defined entirely by internal muscle boundaries, and it is possible that "behavioral" regions in the masseter may be fewer than those inferred by muscle architecture alone. The innervation pattern of human jaw muscles is specific for each muscle. If the primary muscle nerve branches are indeed major determinants of neuromuscular compartments, their distribution should be consistent with behavioral activity in the muscles, and perhaps with regional histochemical profiles. There is circumstantial evidence indicating that at least the former seems likely, and, in some cases at least, the latter may also be true. For human jaw muscles to be consistent with complex muscles elsewhere, two additional aspects of partitioned motor control should be feasible. There is good anatomical support for the likelihood of sensory, reflex partitioning due to selective distribution of muscle spindles in the human masseter, but there is no confirmation yet that central partitioning of any muscle's motoneuron pool takes place.
V. MOTOR UNIT ACTIVITY
Motor control in the jaw muscles is usually studied in experimental animals. Unless chronic procedures are used in awake animals, it is difficult, if not impossible, to observe MU recruitment in anything like a natural environment. Even in trained, conscious animals behavior patterns can be very stereotyped and difficult to control. Human subjects are ideal for studies involving highly skilled, voluntary motor tasks. While many of the mechanisms responsible for jaw muscle control cannot be studied directly in humans, useful information can be derived from observations of their voluntary and reflex MU behavior.
A. Recruitment
Motoneurons innervating the human jaw muscles originate in the trigeminal motoneuron pool. Excitatory inputs from corticobulbar neurons converge here (Lund, 1991; Donga and Lund, 1991) , and, as muscle contracts, corticobulbar cells progressively deliver more current until individual motoneurons reach their activation threshold and commence firing. The excitability of each motoneuron is closely related to its input resistance, which varies inversely with cell size (Henneman and Mandell, 1981) . As the size of each MU is closely related to that of its parent motoneuron, MU recruitment is conventionally believed to be based on the "size principle" (Henneman and Mandell, 1981) . Thus, MUs are thought to be activated in an orderly sequence. This progressive recruitment, and the modulation of MU firing rates (or "rate coding"), are responsible for grading muscle force (Burke, 1981) .
Consistent patterns of MU recruitment have been reported in the jaw muscles of human and non-human primates. Units recruited first have lower twitch tensions and activation thresholds than those recruited later (Desmedt and Godaux, 1975; Goldberg and Derfler, 1977; Yemm, 1977; Clark et al., 1978) . The activation thresholds and the force outputs of human jaw muscle MUs seem to be correlated over this recruitment range (Goldberg and Derfler, 1977; Nordstrom and Miles, 1990; Yemm, 1977) . However, their activation thresholds notoriously vary with time and task . It has long been recognized that voluntary control of jaw MU recruitment can be difficult (Burke, 1981) . MU thresholds can decrease dramatically when ballistic, rather than slow, ramp-like contractions are used (Desmedt, 1983) , and Miles etal. (1986) have reported increases in masseter MU thresholds with increases in jaw gape. Masseter MU recruitment also varies during prolonged muscle contraction . Findings like these tend to confound theories of fixed thresholds in human jaw muscles.
The recruitment order may change when powerful motor commands to the motoneuron pool activate many MUs almost simultaneously (Desmedt, 1983) . Deordered recruitment can also occur during slow ramp contractions. This is not unique to the jaws and has been reported in multifunctional human limb muscles acting as prime movers or synergists (Desmedt, 1981; Schmidt and Thomas, 1981; Thomas etal., 1987) .
Motor units are not generally task-specific (Thomas et aL, 1986) , and in the human masseter and temporalis muscles it is common to find MUs contributing to more than one task. Eriksson et al. (1984) reported a mixture of uni-and polymodal (multitask) MU types, and we have found numerous multitask MUs in our own studies of the masseter. At least two designated tasks can be associated with each MU, although task arrays vary between units. There can also be regional differences in this behavior. For example, in the posterior, superficial part of the muscle most MUs contribute to tasks involving tooth contact, but this is not so in the anterior, inferior, superficial region (McMillan and Hannam, 1992) . Separate groups of masseter MUs can be recruited as the task changes, suggesting that some MUs in a population may be inactive, a phenomenon that occurs in other muscles (English, 1985) .
Task specificity also manifests itself in jaw muscle MU recruitment thresholds. Although Eriksson etal. (1984) suggest thresholds do not differ with task, Hattori etal. (1991) have recently shown that they do. Their study is particularly important because they used an unusual transducer that sensed bite forces in three dimensions. Masseter MU thresholds were very sensitive to bite force direction, that is, there was a "preferred" direction for the activation threshold of each MU.
Changes in MU recruitment order and thresholds for activation suggest flexibly-organized synaptic inputs to the motoneuron pool (Burke, 1981) , probably influenced by input from cutaneous and muscle spindle afferents. In limb muscles, cutaneous afferents affect differently-sized MU selectively (Stephens et al., 1978) , but it is not known how similar inputs affect human jaw MU recruitment. Changes in synaptic efficiency following posttetanic potentiation, and the activation of sensory afferents with an uneven distribution of the terminals to the motoneuron pool have been implicated here . That different populations of trigeminal motoneurons may be activated due to variations in both the magnitude and distribution of inputs to the motoneuron pool as the task changes at face value seems to conflict with the classic concept of sizerelated MU recruitment as the sole determinant of firing. It is possible, of course, that the "size" principle still operates within the subsets of neurones that are activated. The somatotopy of masseter motoneurons suggests that there could be anatomically distinct motoneuron subpopulations, although, as yet, there is no evidence to indicate that task groups are represented by discrete motoneuron pools (Herring, 1989) .
B. Firing Rate
During voluntary muscle contraction, MU firing rate varies monotonically with the force produced by the whole muscle (De Luca et al., 1982; Edstrom and Grimby, 1986) , leading DeLuca etal. (1982) to suggest that increased excitatory inputs to the motoneuron pool increase the firing rate of active MUs collectively. The inference that the motoneuron pool is modulated as a whole has given rise to the expression "common drive" (De Luca, 1985) . Thus, smooth muscle contraction is a consequence of the relation between motoneuron size (which determines unit recruitment thresholds) and common drive (which initiates MU activity and determines firing rates thereafter). There are conflicting findings regarding firing rate modulation in the jaw muscles. In the non-human primate, MU recruitment occurs over the entire range of contraction, similarly to that in the large, powerful limb muscles where MU recruitment can continue up to 90% of MVC (De Luca, 1985) . In humans, however, masseter MUs seem to rely more on rate coding to increase muscle contraction; approximately 50% of the masseter's MUs are recruited at 10 to 20% of its maximum voluntary contraction (MVC) (Clark et al., 1978; Derfler and Goldberg, 1978) . This is reminiscent of the small muscles of the hand, where most MUs are recruited below 50% of MVC and where rate modulation is used to increment force further (De Luca, 1985) . In both cases, MU recruitment is very rapid.
Although two types of MU firing have been suggested for humans, a "tonic" pattern with a low overall firing rate and regular inter-spike intervals, and a "kinetic" pattern with high-frequency, irregular discharges (Tokizane and Shimazu, 1964) , most studies in jaw and limb muscles do not support this idea (e.g., Clamann, 1970; Freund etal., 1973; Hannerz, 1974; . In fact, almost all units may discharge tonically or phasically depending on the prevailing behavioral set (Freund, 1983; . Both human and experimental animal a-motoneurons tend to fire relatively consistently at slow rates when activated tonically near threshold (Burke, 1981) . The lowest sustainable firing frequency (LSFF) appears to be around 6 to 8 Hz (Clamann, 1970; Derfler and Goldberg, 1978; McMillan and Hannam, 1992) , and this is roughly equivalent to the firing rate at which MU twitches begin to fuse (Kernell, 1974) . Although highly trained subjects using audiovisual feedback cannot consistently drive units below 6 Hz (Freund, 1983; Petajan, 1981) , the LSFF appears to vary between muscles and is higher for facial muscles (10 Hz) than for limb muscles (6 Hz) (Petajan, 1981) . Nordstrom etal. (1989) found that it is difficult to drive masseter MUs consistently below 8 to 10 Hz. While some subjects can drive them between 5 and 8 Hz without pauses McMillan and Hannam, 1992) , others find it difficult to do so much below 12 Hz (Tonndorf and Hannam, unpublished observations) .
In the masseter and temporalis muscles, the LSFF also depends on the task perfomed (Eriksson etal, 1984; McMillan and Hannam, 1992) . We have found that the LSFF varies according to anatomical site (McMillan and Hannam, 1992) , a pattern that contrasts with that in polymodal limb muscle MUs, where the LSFF does not appear to vary with task (Thomas et a/., 1986; Thomas et al, 1987) . This sensitivity of jaw LSFFs to task again implies that afferent and/or descending neural input to the trigeminal motoneuron pool is involved. During the performance of different tooth clenching and postural tasks, afferent signals from peripheral sensory receptors (e.g., periodontal mechanoreceptors, muscle spindles, and articular mechanoreceptors) will vary as changes in tooth contact and the direction of tooth force alter peripheral feedback. Muscle spindle afferents have already been implicated in task-related modulation (Binder and Stewart, 1980) . Spindles do not appear to respond uniformly to MU twitches within limb muscles, which reveal at least some sensory partitioning (Binder etal, 1976) . The uneven distributions of jaw muscle spindles discussed earlier suggest that this receptor group also sends different afferent signals whenever the task changes.
The central control of jaw muscles has not been studied extensively when they are contracting isometrically, a condition that often applies in human MU studies. In macaques, changes in jaw position and bite force alter the firing rate of cells in the cortex. There are connections between jaw muscle spindles and cortical cells (Hoffman and Luschei, 1980) . Recently, Huang etal (1989) confirmed that while most primary face motor cortex neurons are activated by light tactile stimulation of the orofacial region, a small proportion can be activated by deep stimuli applied to muscle, passive jaw movement, and low-intensity stimulation of the hypoglossal nerve. Directionally "tuned" neurons, which fire according to the direction of limb movements, have been reported in the motor cortex (Kalaska etal., 1983; Georgopoulos, 1987) and cerebellum (Fortier etal, 1989) . The assumption that cortical cells fire differentially according to changes in tooth clenching or postural tasks could explain taskrelated changes seen in jaw muscle MU LSFFs, but there are not direct data to support this.
The variability of inter-spike intervals (ISIs) during sustained MU discharge differs between jaw and limb MUs (Derfler and Goldberg, 1978; McMillan and Hannam, 1992) . measured the discharge variability of human masseter MUs over 15 min of continous firing at 10 Hz. It increased over time, with a wide variation; MUs with the lowest initial variability showed the largest increase with time. These authors cited the role of synaptic noise in the irregularity of discharge, although it should be noted that units recruited at higher bite forces did not show the lower variability expected if synaptic noise lessens with increased voluntary drive. Their findings may have been influenced by their choice of task, because masseter MU tonic firing rates vary with the act performed (Eriksson etal, 1984; McMillan and Hannam, 1992) . Alternatively, the changes in discharge variability may have been due to time-dependent changes in the intrinsic properties of the trigeminal motoneurons themselves and/or to the absence of Renshaw cells in the trigeminal system (Derfler and Goldberg, 1978) . There is a contrast here with the limb muscles, where Renshaw recurrent collaterals help maintain consistent discharge intervals in spinal motoneurons (Henneman and Mandell, 1981) .
Generally, jaw muscle MU firing patterns are porly correlated with the physiological properties of their MUs. Nordstrom and Miles (1990) found no relationship between single masseter MU discharge variability and recruitment threshold, twitch tension, or time-to-peak tension. There was a relationship, however, between discharge variability at the commencement of firing and susceptibility to fatigue. Units with a more regular early firing pattern were more fatigue-resistant than those that fired irregularly.
C. Twitch Tensions
Large motoneurons innervate MUs that have large numbers of fibers. These larger MUs develop higher mechanical forces or "twitch tensions", and they have faster twitch contraction times than smaller MUs Burke et ah, 1973) . The size and number of MUs vary between muscles, apparently according to the precision needed to control movements (Buchthal and Schmalbruch, 1980) .
In animal experiments, the twitch characteristics of MUs are usually determined by electrical stimulation of the parent motoneurons at rates of less than 1 pulse per second (Burke, 1967; McPhedran etai, 1965) . With increasing stimulation rates, consecutive MU twitches fuse, depending on MU contraction time (Calanchie and Bawa, 1986) . In the cat masseter and temporalis muscles, twitch profiles alter with changes in the stimulation frequency (Taylor et al., 1973) . Twitch profiles of MUs in cat limb muscles also vary with the rate of electrical stimulation (Calanchie and Bawa, 1986 ). In the latter study, the twitch amplitude, contraction time, and half-relaxation time all decreased with an increasing stimulus rate, the decrease in twitch amplitude being most striking. Goldberg and Derfler (1977) attempted to use MU amplitude as a way of estimating MU size in human jaw muscles, but this method is unreliable because the amplitude of a MU compound action potential (CAP) is highly dependent on the geometrical relationship between the recording electrode and the fibers of the MU (Buchthal and Schmalbruch, 1980; Desmedt, 1981; Miles et aU 1986) . Methods based on actual twitch tension characteristics are more reliable (see Carew and Ghez, 1985; Brooks, 1986) .
In humans, twitch tensions are commonly estimated by a method known as "spike-triggered averaging" (STA) (Stein et al, 1972) . This is based on a technique introduced by Buchthal and Schmalbruch (1970) and involves the recording of a train of CAPs from a single MU. Each CAP is used to trigger successive samples of tension recorded at or near the muscle's tendinous attachment. Samples are then averaged to reveal the MU's contribution to the total force produced by the muscle during its sustained contraction. It is assumed that the averaged force response is an accurate measure of that unit's twitch tension because other units in the muscle fire asynchronously (or mostly asynchronously) with unit under test, especially at low force levels (Stein et ah, 1972) . It is also assumed there is a linear mechanical response from the MU after a single neural impulse. This premise has been questioned (Partridge and Benton, 1981) . A nerve impulse from the parent motoneuron may have a variable effect on the individual fibers of the MU, depending on previous activity in the MU and the activity of other MUs within the muscle (Burke et al., 1976; Demieville and Partridge, 1980) . In addition, muscle length, shortening velocity, and MU firing rate may have nonlinear effects on the consecutive mechanical responses of a MU (Calanchie and Bawa, 1986; Nordstrom et al, 1989; Partridge and Benton, 1981) . Nordstrom et al. (1989) have shown that in a fast contracting muscle like the human masseter, a relatively unfused twitch may be obtained by STA provided the ISIs before and after the MU spikes used to trigger averaging are carefully selected. In a rigorous evaluation of the effect of MU firing rate on MU twitch profiles, they recorded data from MUs firing consistently over 15 min. They recalculated twitch profiles for different pretrigger ISIs. As the pretrigger ISIs decreased below 90 to 100 ms. the amplitude of the twitch increased. The twitch time-to-peak and twitch half-relaxation time were also affected by changes in firing rate, both decreasing as the pretrigger ISI lengthened over 90 ms. Similar effects are seen in human limb muscle MUs when the MU firing rate is increased (Milner-Brown etal., 1973; Monster and Chan, 1977) . In the Nordstrom et al (1989) experiment, there was an unexpected increase in the twitch amplitude of masseter MUs when the firing rate decreased below approximately 10 Hz. They attributed this to correlated activity of other MUs in the muscle, although unit synchrony was not detected at the time. Voluntary firing rates of 7.5 to 10 Hz do not seem to affect twitch profiles appreciably in human jaw muscles Nordstrom et al, 1989; Yemm, 1977) .
Biomechanical factors should be considered when MU twitch tensions in the jaw muscles are estimated by STA, including the placement of devices used to record forces, and the way muscle tensions are transduced from MU to force sensor. Unilateral bite force transducers near the premolar teeth have been used to record twitch tensions in the human masseter (Yemm, 1977; Goldberg and Derfler, 1977) , and in the temporalis muscles (Yemm, 1977) , whereas midline transducers in the incisor region have been used to record them in the monkey temporalis (Clark et al., 1978) and human masseter (Nordstrom et al., 1989) . Investigators usually assume that the twitches generated by a MU in a jaw muscle will be completely reflected in the force measured at the location selected. However, this is not so. For example, isometric tension generated by all or any part of the masseter, which is located between sites of physical resistance to jaw movement (viz. the bite point and jaw articulations), is actually only partly represented by force at the recording site, because the jaw behaves as a loaded beam under conditions of isometric muscle contraction. Thus, twitch tensions estimated here by STA must always be too low. Similar biomechanical considerations apply to the temporalis muscle and may account for the apparently low twitch tension values reported here (Luschei and Goldberg, 1981) . These biomechanical effects are further complicated by the fact that jaw muscle lever arms, tooth location, and bite point orientations usually vary considerably between human subjects and do so in three dimensions . Twitch tension estimates can therefore be biased greatly by variations in craniofacial morphology.
Recently, we examined the effect of jaw biomechanics on human masseter MU twitch profiles (McMillan et al, 1990) . With the jaw in a constant position, midline load cells were aligned either perpendicularly, or 30° anteriorly, to the dental occlusal plane. This permitted controlled changes in the moment arm of the bite point. STA was then used to estimate the forces contributed by individual MUs. We assumed that the twitch tension of a single MU would be resisted at both the bite point and mandibular condyles. Because the system was static, jaw closing torque (the product of MU twitch tension in situ and that MU's moment arm) was considered to be countered by an equal and opposite torque at the bite point, (the product of the spike triggered force [STF] measured here, and the bite point moment arm). We reasoned that any change in the bite point moment arm because of controlled changes in the angle of bite force would alter STF but not bite point torque. We found that MU twitch contraction times estimated by this means were similar to those reported by Yemm (1977) , Goldberg and Derfler (1977) , and Nordstrom et al. (1989) . The range of STFs (0.05 to 6.57 N) were also reasonably similar to the "twitch tensions" reported by Yemm (1977) and Nordstrom et al. (1989) , but smaller than those reported by Goldberg and Derfler (1977) , who recorded from a higher-threshold population of masseter units. The STFs varied according to the bite point angle as expected ( Figure 5 ), but did not increase or decrease systematically as the moment arms changed. In addition, when the torque values were calculated for the two load cell orientations, they were not equivalent. This unexpected finding has several explanations. The effective moment arms for each MU may have varied for the two tasks, although it is hard to conceive how. Alternatively, the effective contribution by the MU at its aponeurosis or tendinous insertion may have altered, perhaps because of other, mechanical internal changes taking place when the task changed. A further possibility is that the degree of firing synchronicity with other MUs altered. In the masseter, the potential for many lines of action is high and multiple MU activation strategies are not uncommon. The fact that a small num-
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No Tooth Contact n=108 n=82 n=83 FIGURE 5. Averaged incisal bite forces (here designated "STMT") triggered by (and attributable to) a single motor unit in the human masseter muscle. These are analogous to the STFs discussed in the text. Two different orientations of the load cell were used; one so that forces were directed perpendicularly to the occlusal plane (P) and the other so that they were angled more anteriorly (A). The records were obtained with and without the voluntary coactivation of other muscles. In the record at the bottom left, the unit fired continuously, although there was no contact on the load cell, thus producing a zero STF. n = number of events averaged. The horizontal bar represents 30 ms; the vertical bar represents 50 mN. For further discussion see the text. (From McMillan A. S., Sasaki K., and Hannam A. G., Muscle Nerve, 13, 701, 1990. With permission.) ber of masseter MUs in our study did not fire at all during isometric clenching at the bite point, but did fire during the performance of other, postural tasks, provides more evidence of the heterogeneous behavior of this muscle and reinforces the idea that the physical milieu around each MU changes with task.
Motor unit tension per se depends on the innervation ratio, the cross-sectional areas of the muscle fibers, and their individual tensiongenerating capacities, all depending on muscle architecture Loeb et al., 1987) . The connective tissue components of the jaw muscles contribute to muscle stiffness, but precisely how stiffness changes jaw muscle MU twitch profiles is unclear. Monster and Chan (1977) demonstrated the presence of a mechanical stiffness gradient for limb muscle MUs with different force thresholds. Here the relative stiffness of the muscle-tendon-force interface was greater for large units. Any mechanical stiffness gradient because of the selective activation of differently sized MUs is therefore likely to have a nonlinear effect on twitch tensions. The compliance of the tissues lying between the active unit and the force transducer would also cause nonlinear effects. This is particularly difficult to estimate in human jaw muscles, and, presumably, is related to the amount and properties of intramuscular tendon that interlaces and envelopes the fibers. The human masseter contains enough intramuscular tendon to make the muscle elastic, and its collagen fiber sizes are quite large compared with other skeletal muscles (Sato et al, 1992) . This is especially so in the superficial part of the muscle. The microfibrillar arrangement and thick bundles of tendons here suggest at least some kinetic potential, complementing that offered by the sparse number of elastic fibers that have been reported in the superficial and middle parts of the masseter (Sato etal, 1992) . Emigh and Herring (1992) recently found that aponeuroses in the pig masseter elongated about 6.5% on wide jaw opening, with no change in anteroposterior dimension, although the latter dimension increased on stimulated contraction of the muscle. How physical changes due to regional, actively, and passively generated stiffness and compliance alter with muscle use will probably prove difficult to determine in humans.
Articulations are normally acted on by agonistic and antagonistic muscles (Carew and Ghez, 1985; De Luca and Mambrito, 1987) . In many tasks, the contraction of an agonist muscle is usually accompanied by relaxation of the antagonist (Sherrington, 1909) , producing high torque and low stiffness around the joint. Other tasks require muscle coactivation, for example, to fix the arm while the hand moves. This will not only increase stiffness (De Luca and Mambrito, 1987; Smith, 1981) but alter the internal environments of both agonist and antagonist muscles. The effect of coactivation on jaw muscle MUs has only been considered recently. In the masseter, subjectively controlled muscle coactivation alters MU STA twitch amplitudes, even when the MU firing rate and jaw position are constrained (McMillan et al, 1990) . These changes can be quite marked (Figure 5) . Muscle coactivation, especially at low levels, is difficult to control experimentally, and it may have affected the estimates of masseter twitch tensions reported previously, for example, by Yemm (1977) , who recorded data over a 5-min epoch and by Nordstrom etal. (1989) , who collected theirs over 15 min.
The effects of fatigue on human jaw muscle MU twitch profiles have not been studied extensively. In the masseter, Nordstrom and Miles (1990) used STA to determine the extent of fatigue of MU twitches during a voluntary contraction lasting 15 min. There was a trend toward a decrease in amplitude of the twitches, although, as can be seen in Figure 6 , some units reversed the trend and increased their amplitude. Twitch amplitude also varied over time, and it is not certain why this should occur. The amount of muscle coactivation may have altered during the experiment, and this alone could account for the observed behavior. There seems to be a weak correlation between fatiguability and MU twitch amplitude and contraction speed in the human masseter. consider this is due to the few physiological type S (slow, fatigue-resistant) MUs there.
D. Reflex Behavior
Peripheral sensory inputs from oro-facial sites such as the teeth, tongue, muscles, and temporomandibular joints play an important part in brainstem jaw reflexes. The literature here is copious, and the reader is referred to reviews by Luschei and Goldberg (1981) , van Steenberghe and de Laat (1989) , and Lund (1990) . Interpretation of jaw reflexes and their comparison with other studies are often made difficult by interspecies variations and the experimental methods used for measurement. Multiunit and single MU recordings have been made in many human studies and most often analyzed by averaging techniques (e.g., Cadden and Newton, 1989; Turker etal, 1989) . The validity of multiunit electromyography as a method for measuring jaw reflex activity can be disputed (Lavigne etal, 1983; Turker, 1988) . The relative position of the stimulus during repetitive MU activity, MU firing rate, and the task performed are all known to affect reflex inhibition in the human jaw muscles, and MU synchronization can be misinterpreted as an apparent excitatory response when averaging techniques are used (Widmer and Lund, 1989) .
Intracellular recordings are as yet impossible in human motoneurons, but their reflex excitability can be deduced from the nature of MU responses. Single MU reflex studies, mainly in the masseter muscle, have begun to appear in the literature, and they have universally addressed the phenomenon of exteroceptive suppression. There is little comparable information available for muscles such as the digastric or temporalis.
Using mildly noxious stimuli on the lip, showed that masseter MUs can be inhibited to the same extent provided they are firing at the same prestimulus rate and therefore presumably that they have the same prestimulus excitability. Thus, the firing rate of a masseter motoneuron, rather than the size of the MU, is the major determinant of the inhibitory response. Miles and Turker's further demonstration that inhibition is more profound in MUs with lower prestimulus firing rates has important implications for inhibitory jaw reflexes, nociceptive or otherwise, because it means that a conditioning stimulus will preferentially inhibit the most slowly firing units in a population irrespective of MU size .
Lip stimulation results in a two-phase inhibition of masseter MU activity . These phases mirror those recorded from jaw-closing motoneurons in experimental animals (Kidokoro et al., 1968) and the periods of exteroceptive suppression recorded by multiunit techniques in humans (reviewed by Lund et al, 1983) . The latencies vary more in the multiunit studies. Miles etal. (1987) noted that the second inhibitory phase could be elicited by stimuli close to threshold, but higher intensities were needed to elicit the first. This contrasts with results in cat masseter motoneurons (Kidokoro et al. 9 1968) and several other human studies (reviewed by Lund et al., 1983) . The disparity may be due in part to the location of the stimulus, because Cadden and Newton (1989) noted that the early phase of suppression could be easily induced with intraoral stimulation, whereas intense stimulation of the skin of the lip was needed. If nonnoxious electrical stimulation is applied to the oral mucosa when lateral pterygoid MUs are active in the inferior head of the muscle, there is an inhibition similar to that described by for the human masseter (McMillan and Hannam, 1989) . This observation clearly questions the specificity of the reflex for jaw elevator muscles. Turker and Miles (1988) have stressed that in addition to controlling prestimulus MU firing rates, it is important to fix the position of the stimulus relative to the MU spikes. They developed a stimulation paradigm patterned on a conditioning/testing routine . According to their method, stimuli are delivered sequentially at known times during a train of controlled, voluntarily driven MU spikes (Figure 7) . The prestimulus ISIs are regulated to ensure the level of prestimulus drive to the motoneuron pool is constant. This innovative technique permits accurate (albeit indirect) quantification of single MU reflex events, particularly the shape and timecourse of putative inhibitory and excitatory postsynaptic potentials. To date, its use in the jaws has been restricted to studies of exteroceptive, inhibitory reflexes (Turker and Miles, 1988; McMillan and Hannam, 1989; McMillan and Hannam, 1992) , but the method has already been employed to study excitatory postsynaptic potentials in human soleus MUs (Miles etal, 1989) .
Task-related variables also affect inhibitory reflexes in human jaw muscle MUs. When the prestimulus firing frequency and stimulus position are controlled, MU inhibition lessens as jaw gape is reduced (Turker etal., 1989) . Other acts involving jaw posture and tooth clenching affect inhibition under controlled conditions (McMillan and Hannam, 1992) . The most likely explanation for these effects is modulation of afferent input somewhere between the peripheral orofacial region and the trigeminal motoneuron pool. Sen- sory afferent information from periodontal, muscle, and joint receptors is likely to change its set as jaw position and tooth contact alter. have used their controlled single MU technique to determine whether reflex behavior differs between MUs in normal and "dysfunctional" masseter muscles. Long-latency inhibition occurs in normal subjects, whereas short-latency inhibition is apparently more common in "dysfunctional" subjects. These variations in MU reflex responses therefore suggest an altered afferent input to the motoneuron pool in "dysfunctional" subjects, possibly due to changes in the patterning of peripheral input as a consequence of painful muscles and joints. These MU findings in dysfunctional subjects conflict with several earlier multiunit studies (Hussein and McCall, 1983) . Turker etal. (1989) considered that poor experimental control over bite force generation may have contributed to errors in previous "silent period" measurements.
E. Conclusions
MU recruitment and rate coding in the human jaw muscles seem to follow the general principles regarding "size" and "common drive" found in the motoneuron pools of other skeletal muscles. Recruitment thresholds are not stable, however, and the order of recruitment can change. Both are influenced by the type of task performed, the manner in which it is approached, and its duration. Jaw muscle MUs are typically polymodal, in that they can contribute to more than one task, and they are difficult to drive voluntarily at rates much below 10 Hz. Most are recruited quite early in the performance of a task, and the trigeminal system seems to rely mainly on rate coding thereafter to reach a muscle's MVC. There is evidence for regionalization of MU behavior according to task.
In the human jaw muscles, MU twitch tensions begin to fuse around 10 Hz. There is only a weak correlation between MU fatiguability, twitch amplitude, and contraction speed, probably because there are very few slow, fatigue-resistant MUs in the muscles so far studied. Serious questions have been raised regarding the influence jaw mechanics on twitch tension calculations, and they specifically focus on how tensions are measured. Other factors influencing STA measurements include coactivation within and between the jaw muscles, MU synchronization, and as yet largely unidentified physical changes in the internal milieu surrounding each MU that take place as the task changes. Thus, the STA technique, while useful for estimating variables such as MU twitch speed, fatiguability, and other proportional changes, may be inappropriate for measuring absolute twitch amplitudes in the multipennate human jaw muscles. Instead, the latter records might better be considered as spike-triggered bite forces, with an indirect and changing relationship to actual twitch tensions.
The study of human MU reflexes is fairly recent and mostly confined to investigations of exteroceptive reflexes in the masseter. The approach offers a highly controlled way for indirectly observing activity and competing effects in the motoneuron pool. Inhibition following intraand peri-oral stimulation has been shown to depend on the firing rate of the MU concerned and the timing of the stimulus with respect to the spike train. Like MU threshold and firing rate, the degree of inhibition also depends on the task used to drive the unit. The most likely explanation for the effects of task on MU behavior is interaction between descending, corticobulbar drive and peripheral input from orofacial and muscle receptors that changes according to task. No links between voluntary and reflex MU behavior, intramuscular structure, fiber histochemistry, and MU territory have been determined yet, but there is enough circumstantial evidence to suggest that regional differences in reflex behavior occur. It is important to emphasize that so far most studies have been restricted to one muscle and have generally been biased toward populations of lowthreshold MUs.
VI. FINAL COMMENT
There is little doubt that human jaw muscle contraction involves more than the fine coordination of activity from the ensemble of simple muscles attached to the mandible. Even though the motor system could simply differentially contract whole muscles to grade the forces and move-ments needed during function and to control their respective angulations and trajectories , it seems clear that even more shaping of contraction occurs within the muscles themselves. This is made possible by the unique anatomical and physiological organization of each jaw muscle. The structural design, fiber make-up, territorial dispersion, and functional properties of MUs apparently provide a template for sophisticated motor control, which is constantly adjusted by corticobulbar drive and peripheral inputs from various intra-and perioral sites. This is summarized diagrammatically in Figure 8 .
Each component involved in the process has been investigated to some extent, but there have not been many attempts to correlate one part of the system with another. Thus, important questions regarding the relationship between intramuscular tendon planes, muscle layers, fiber histochemistry, the physiological properties of fibers, MU territories, and the voluntary and reflex behavior of MUs have not been properly answered. Nevertheless, we can propose a working hypothesis that argues for jaw muscle compartmentalization based on the distribution of primary muscle nerve branches, the disposition of muscle fibers with histochemical (and presumably contractile) properties that substantially reflect the funtions demanded of the major neuromuscular compartments, and a MU behavioral specificity that complements these. There are, of course, some leaps of faith in this hypothesis, and they may prove to be misdirected under closer scrutiny. We are not prepared to argue for tight links between the neuromuscular compartments and the major architectural features of the jaw muscles, even though it is tempting to do so. The evidence here is simply not strong enough. It is precisely this kind of information that is needed to develop a working hypothesis to explain how the muscles actually contract and the internal physical changes that take place as a result. Until a clearer picture of the relationship between regional activation, jaw displacement, and structural morphology emerges, we cannot attempt to model contraction of the jaw muscles in the elegant manner used in the limbs. We suggest that the development of three-dimensional working models of these complex muscles would be a useful way to demonstrate the feasibility or othertask/st mulus modulated receptors FIGURE 8. Intramuscular organization in a "generic" jaw muscle. Central and peripheral neural components are represented by boxes and relationships between them are indicated by arrows (adapted from Lund (1991)). The motoneuron pool contains two representative neurones that can be activated differentially by convergent drive from various sources. Three activation strategies are shown (1-3), each representing a specific task. In each instance, filled circles and multiple spikes indicate intense activity, half-filled circles with sporadic spikes indicate weak activation, and open circles with no spikes indicate no activation. Each motoneuron axon travels in the motor nerve to the muscle, which then divides into major terminal branches. Each branch supplies a separate neuromuscular compartment, which may or may not coincide with an anatomically separate part of the muscle. The territory of each motor unit includes part of its respective compartment, and it is uncertain whether the territory crosses architectural boundaries. In the illustration, the fibers supplied by each unit are oriented differently. By varying excitation in different parts of the motoneuron pool the nervous system can selectively activate different muscle groups, and in this case different parts of the same muscle. This scheme would require some kind of somatopy in the motoneuron pool, and its specificity would partly determine how focal the mapping is to a particular muscle region. The peripheral organization and distribution of motor units in the muscle would determine the rest.
wise of theoretical constructs that are impossible to measure in practice. There are good precedents for this approach.
The study of MU behavior in the human jaw muscles has become quite refined recently and promises to reveal a great deal about functional organization not only peripherally but also centrally. Technical advances now make it possible to correlate MU recording sites with gross muscle structure, and there is no reason why finer details should not be revealed in the future. It would be interesting to know whether the few MUs occupying large territories in the masseter have different recruitment thresholds and contractile characteristics to those restricted to smaller zones and how territorial size differs in other muscles. The unusual functional properties of human jaw muscle MUs, including their fatiguability and contraction speed, deserves more attention, especially if it can be related to muscle location and myosin fiber-typing. Reflex events can be studied with far more control than has been possible, and there are interesting prospects ahead with respect to the interactions between voluntary drive and peripheral set in the trigeminal motoneuron pool. Future experiments might profitably address excitatory reflexes in jaw muscle MUs, and regional differences that probably exist between spindle-mediated excitatory responses and exteroceptive suppression.
In conclusion, we emphasize that there are some unusual aspects to the internal organization of the human jaw muscles, and that each muscle is an entity unto itself. We have tried to show that it is unwise to extrapolate too widely between the jaw and limb muscles, and that interspecies comparisons should be made with great care. A strong case can be made for a clearer conceptualization of intramuscular structure and functional events before unsubstantiated or erroneous assumptions are made about the role of the jaw muscles in craniofacial growth, mandibular biomechanics, and musculoskeletal disorders.
